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2Abstract
X-ray binaries are systems where mass transfer from an ordinary star onto
a neutron star or black hole produces strong X-ray emission. In many X-
ray binaries the incoming mass has enough angular momentum to form an
accretion disk around the compact object.
Observations and simulations of X-ray binaries in X-ray and optical bands
are presented in this thesis. Simulations of the linear polarization of fully
ionized accretion disks, demonstrate the potential value of linear polariza-
tion as a diagnostic of emissivity distribution, inclination, and orientation
of the accretion disk. Simulations are complemented with polarization mea-
surements of optically brightest low-mass X-ray binaries.
Results of observations with four X-ray observatories (ASCA, BeppoSAX,
INTEGRAL and RXTE) are also presented. Search for the soft X-ray
counterpart for the hard X-ray transient EXS 1737.9-2952 resulted in the
discovery of three potential counterparts and several other X-ray sources.
Studies of the recently discovered transient IGR J19140+0951 provide some
information on its nature. The spectrum of the persistent bright source 4U
1543-624 shows temporal variability markedly different from typical Low-
mass X-ray binaries.
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Chapter 1
Introduction
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Figure 1.1: Schematic view of an X-ray binary.
In X-ray binaries mass is transferred from a normal companion star (sec-
ondary, donor) onto the compact component (primary, accretor), which is
either a black hole or a neutron star. A large fraction of the gravitational
potential energy released during the accretion process is emitted as X-rays.
X-ray binaries are further divided into low-mass and high-mass systems. In
low-mass X-ray binaries (LMXB) the companion star is light, M < M,
whereas in high-mass systems the companion has M > M.
In addition to the two stars, most LMXBs contain an accretion disk through
which mass flows onto the compact object. Surrounding the accretion disk
there may be a corona of very hot, low-density gas. There is no consensus
on the size and shape of the corona. In some LMXBs jets with very high
velocities (in some cases v > 0.9c) are seen. Both jets and accretion disks are
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also observed in protostars, active galactic nuclei (AGN), and in some other
types of close binaries, and are therefore of general astrophysical interest.
The components of the LMXB dominate the luminosity at different wave-
lengths. The inner accretion disk and, if present, the neutron star, dominate
in the soft X-rays (below ∼ 10 keV). In some spectral states, the accretion
disk corona dominates in the hard X-rays (above ∼ 10 keV). The outer
accretion disk produces mainly ultraviolet and blue optical radiation, and
outshines the companion star at these wavelengths. The companion star is
usually brightest in the near infrared, and the jet is a strong radio source.
Multiwavelength studies are thus required to study the relationships of the
various components to each other. By selecting a particular wavelength
range, an in-depth study of a particular component in the system can be
undertaken.
The mass of the central object has strong effects on the accretion disk. A
typical LMXB contains a low-mass star in orbit around the compact object
with a period of the order of one day. The companion star can be observed in
the infrared. Combining phase-resolved spectroscopy and photometry gives
information on component masses, inclination, and orbital period.
The strongest gravitational fields possible are found near the event horizon
of a black hole. As black holes produce no radiation by themselves studying
these fields requires a source of photons near the event horizon. The inner-
most part of an accretion disk is a good photon source, so an accreting black
hole provides an opportunity of testing general relativity in the strong-field
limit. In LMXBs, physical changes of the accretion disk have been observed
on timescales from a few minutes to a few months. In the standard accre-
tion disk model many timescales of accretion disc variability proportional
to the mass of the central black hole. Near the compact object of a LMXB
these timescales are short enough to be covered by one observation, whereas
for AGN they require long monitoring programs. Thus LMXB offer good
observational constraints on the physics of accretion disks and black holes.
For many LMXBs, basic system parameters like component masses, inclina-
tion, orbital period and type of compact object (neutron star or black hole)
are not well constrained by observational data. Determining these parame-
ters with better accuracy is an important part in LMXB research. In this
work the diagnostic value of optical polarization is studied, and observations
of some systems are also presented. Observations in the optical wavelengths
(Paper V) and simulations (Paper II) of linear polarization from accretion
disks are presented in this thesis. Results of some X-ray observations are also
presented. These include BeppoSAX, ASCA and RXTE observations of the
X-ray binary 4U 1543-624 (Paper III), INTEGRAL and RXTE observations
of IGR J19140+0951 (Papers IV and VI) and a BeppoSAX observation of
the field containing EXS 1737.9-2952 (Paper I)
Chapter 2
Theoretical overview
2.1 Radiation physics
Information from astrophysical sources is usually transmitted by electro-
magnetic radiation, and therefore some of the basic concepts and physical
processes are presented here. The aim of this chapter is to provide a general
overview of the radiative processes most important in X-ray binaries. The
interested reader may also consult e.g. Rybicki & Lightman (1979).
2.1.1 Polarization
The electric field of a simple monochromatic electromagnetic wave can be
expressed as Eei(φ−ωt) Direction of the electric field vector E and the di-
rection of propagation define the polarization plane. Combining two such
monochromatic waves E1,2e
i(φ1,2−ωt) with same direction of propagation and
perpendicular directions of oscillation, the electric field traces an ellipse.
This polarization ellipse can be described by parameters E ′1,2, and χ in Fig-
ure 2.1. (θ is used here for clarity, one could also write it out (tan θ = E ′1/E
′
2)
A relation between E1,2, φ1,2 and E
′
1,2, χ can be derived by rotating E
′
1,2 by
the angle χ.
Another parametrization for the ellipse are the Stokes parameters:
I = E′21 + E
′2
2 (2.1)
Q =
(
E′21 + E
′2
2
)
cos 2θ cos 2χ (2.2)
U =
(
E′21 + E
′2
2
)
cos 2θ sin 2χ (2.3)
V =
(
E′21 + E
′2
2
)
sin 2θ, (2.4)
now I is proportional to the intensity of radiation, V is defined by the ratio
of major and minor axes (for V = 0 the ellipse degenerates to a line and
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Figure 2.1: The polarization ellipse.
for V = ±I it becomes a circle), and Q and U define the orientation of
the ellipse. The ellipse is fully defined by three numbers so an additional
relation between the Stokes parameters of a monochromatic wave holds:
I2 = Q2 + U2 + V 2.
For quasi-monochromatic waves the monochromatic description holds for
short time intervals but (E, φ)1,2 vary slowly, i.e. (E, φ)1,2/ω  d(E, φ)1,2/dt.
The Stokes parameters of quasi-monochromatic wave in a time interval are
defined as time averages of the monochromatic Stokes parameters. If the ra-
tio of the electric field components
(
E1
E2
ei(φ1−φ2)
)
is no longer constant then
θ, χ vary with time. Then time-averaging reduces the terms with cos and
sin more effectively, changing the relation between the Stokes parameters to
I2 > Q2 + U2 + V 2. For randomly varying electric vector, Q = U = V = 0,
i.e. the light is completely unpolarized.
In practice the polarization state of light is derived from measured photon
fluxes of beams with different polarization states. Photon flux is propor-
tional to square of electric field so Stokes parameters are easily derived from
flux observations. Stokes parameters are also additive, which makes sim-
ulations and data processing straightforward. Polarized radiative transfer
usually operates on Stokes vectors, S = [I,Q,U, V ]. Other commonly used
polarimetric quantities can be expressed with Stokes parameters:
degree of polarization : Π =
√
Q2 + U2 + V 2
I
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degree of linear polarization : P =
√
Q2 + U2
I
degree of circular polarization : PV =
V
I
polarization angle : tan 2Θ =
U
Q
2.1.2 Interstellar polarization
The interaction between interstellar medium and light with wavelengths in
the range 300− 1000 nm is dominated by scattering and absorption by dust
particles. Atomic processes affect only a few specific wavelengths where
atomic transitions are important. The main results of these interaction
is extinction (decrease in the brightness of stars) The dust cross-section
decreases towards longer wavelengths. Therefore extinction is stronger in
blue wavelengths, resulting in reddening: Color indexes of stars increase
with increasing extinction. In the infrared, (λ > 1µm) the wavelength is
larger than dust particle size so dust particle cross sections are very small,
and observations are much less constrained by extinction.
As stars with extinction are observed, polarization correlated with the amount
of extinction is seen. This is interpreted as another scattering effect. If scat-
tering from an interstellar dust particle produces polarized light and the
particles are aligned with the galactic magnetic field, scattering produces
a net polarization in the light traveling through the interstellar medium.
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Figure 2.2: The interstellar polarization as given by the Serkowski formula,
with λmax 400 nm and 600 nm, and maximum polarization of 1.0 %.
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Macroscopic alignment with the magnetic field is needed, as otherwise the
polarization vectors of the scattered photons would be randomly distributed,
canceling each other.
The Serkowski (1973) formula describes the form of the interstellar polar-
ization in the wavelength range 350 –1000 nm Whittet et al. (1992).
P¯ (λ) = P¯max exp
−K ln2(λmax/λ) . (2.5)
Here P¯max is the maximum of interstellar polarization, λmax is the wave-
length at which this maximum is observed, and K = 0.01+λmax/ (602 nm).
Typically λmax is in the range 400–600 nm (Coyne et al., 1974; Serkowski et
al., 1975), but in some directions values up to 1000 nm have been observed
(Whittet et al., 1992). It should be noted that the Serkowski formula is an
empirical fit to observed polarization values of individual stars, not a result
based on a physical dust model. Variations in dust grain size and ellipticity
are probably responsible for the scatter in the observed values of λmax.
2.1.3 Blackbody radiation
Radiation emitted by optically thick matter in thermal equilibrium is black-
body radiation. The spectrum of blackbody radiation is expressed by Planck’s
law:
Bν =
2hν3
c2
1
exp (hν/kT )− 1
, (2.6)
where ν is the frequency of radiation and T is the temperature of the gas.
The most intense radiation is seen at frequencies hν ≈ 2.8kT .
The temperature of an accretion disk is not constant with radius, so the total
spectrum is integrated over all radii. Such a spectrum is called a multicolor
blackbody, and the functional form is
Fν,MBB =
∫ Rout
Rin
Bν (T (R)) 2piR dR, (2.7)
where Rin and Rout are the inner and outer disk radii, respectively.
Relativistic corrections need to be applied to the multicolor blackbody spec-
trum if the inner accretion disk close to the compact object and therefore
in an intense gravitational field.
For typical inner accretion disks and neutron star surfaces in LMXBs, kT ∼
a few keV, so X-ray spectra often have a blackbody or disk blackbody com-
ponent. In the outer parts of the disk, T ∼ 10000K. The companion star in
an LMXB is typically a cool main-sequence star with T = a few × 1000K.
The optical spectrum of an LMXB should have a contribution from both
the accretion disk and the companion star.
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Element K-shell binding energy Abundance
Carbon 0.28 keV (2.5 ± 1) · 10−4
Oxygen 0.53 keV (4.9 ± 1) · 10−4
Neon 0.87 keV (7.4 ± 1) · 10−5
Silicon 1.83 keV (3.5 ± 1) · 10−5
Iron 7.11 keV (2.9 ± 1) · 10−5
Table 2.1: Some elements causing significant interstellar absorption in X-
rays. Abundances are solar photospheric abundances (normalized to hydro-
gen abundance) by Lodders (2003). Note that soft X-rays do not necessarily
penetrate interstellar dust grains. Therefore the dust grain size distribution
and chemical composition should be taken into account when determining
the absorption. On the other hand, ISM abundances derived from X-ray
absorption edges are dependent on the dust model used.
2.1.4 The photoelectric effect
Electrons bound to an atom have some preferred energies at which they
interact with photons. One such interaction is the photoelectric effect: an
atom absorbs a photon and ejects an electron (light produces static electric-
ity, hence the name photoelectric effect). The probability of photoelectric
absorption is defined by the absorption cross-section σ.
After the ejection of the photo-electron, the atom undergoes other electronic
transitions. An electron at an upper energy level replaces the photo-electron.
The energy released in this transition can be emitted as a fluorescent photon.
Another option is that the excess energy is spent on another ionization and
kinetic energy of the released Auger electron. No radiation is produced in
the Auger process. In case of fluorescent emission also the outer shells emit
photons as the electron structure returns to normal.
The photoelectric effect produces an edge-like feature in the spectrum. Be-
low the edge energy, the continuum is not affected, and at higher energies
the cross-section decreases rapidly, roughly as σ ∝ E−
8
3 .
X-rays from astrophysical sources travel through the interstellar medium,
and interact with atoms through the photoelectric effect. Interstellar ab-
sorption of X-rays is mainly caused by the most abundant medium-Z ele-
ments, such as C, O, Ne and Si. Therefore absorption edges of these elements
are seen in the soft X-ray spectra of many X-ray sources (See table 2.1 and
Zombeck (1990)). Interstellar photoelectric absorption is usually not very
important at energies above a few keV. At the highest column densities,
above 1023 hydrogen atoms per cm2, the iron edge near 7 keV becomes
important.
X-ray detectors often utilize the photoelectric effect to convert incoming X-
rays to electric charge. Sometimes scintillation photons, a by-product of the
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photoelectric effect, are measured instead of the electric charge.
The atomic constants (edge and fluorescent line energies, cross-sections, flu-
orescent yields etc.) can be found in the X-ray data booklet available at
xdb.lbl.gov (Thompson et al., 2001).
2.1.5 Electron scattering
The interaction between a free electron and a photon causing a change in the
direction of the photon is called scattering. The angle between incident and
scattered photon directions is called the scattering angle (θ) and µ = cos θ.
The differential cross section (dσ/ dΩ) indicates the fraction of the incident
power scattering to the direction dΩ. Integrating over all angles, this gives
the cross section (σ) of a particle, or the total area of the scatterer as seen
by the incident photons. The cross section and differential cross section of
a free electron depend on the polarization and energy of the photon. If
no energy exchange happens in the scattering process, the scattering pro-
cess is called elastic or coherent. Elastic and inelastic electron scattering are
called Thomson scattering and Compton scattering, respectively. For Comp-
ton scattering, the energy of the photon in the electron rest frame (before
scattering) decreases:
E1 =
E0
1 + E0mec2 (1− cos θ)
, (2.8)
where E0 and E1 are the photon energies before and after scattering, and
mec
2 ≈ 511 keV is the energy corresponding to electron rest mass. The
cross section for Thomson scattering is 6.652× 10−25 cm2, and for Compton
scattering (higher photon energies) this decreases. Thomson and Compton
scattering are an important source of opacity in a typical accretion disk of a
low-mass X-ray binary, as the temperature is high enough to keep hydrogen
and helium ionized.
If the electron moves at a high velocity with respect to the observer, Lorentz
transformations are needed to get the energy change in the frame of the ob-
server. In the case of relativistic electrons scattering low-energy photons,
the energy may increase by a factor of up to γ2 per scattering (γ = E/mec
2).
If the electrons have low energies and a Maxwellian distribution, the mean
energy changes by a factor 4kTe/mec
2 per scattering. In optically thick
medium several scatterings occur, increasing the photon energy substan-
tially and also altering the shape of the spectrum. This process is called
Comptonization. The spectra of X-ray binaries often contain a Comptonized
component, which is in some cases responsible for a significant fraction of
the total power.
The highest photoelectric edge of iron, the heaviest abundant element, is
near 7 keV and above this the cross section decreases rapidly. Quantum
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effects start decreasing the electron cross section when the energy of the
photon is comparable to the rest mass of the electron (511 keV). Therefore
above 10−20 keV Compton scattering is the dominant interaction between
an accretion disk and X-rays. The Comptonized spectrum from the accretion
disk corona may hit the accretion disk, and the portion of the spectrum
above 10 keV is not directly absorbed but scattered outwards. This process
is called Compton reflection and has been observed from a number of sources.
Compton reflection is usually accompanied with an iron emission line, as
the photons near the iron edge are absorbed and part of this energy is re-
emitted as fluorescent photons (The energy of fluorescent Kα line varies with
ionization state from near 6.4 keV for FeI to 7.0 keV for FeXXVII).
Electron scattering changes the polarization of the photon. If the polariza-
tion state of the photon before and after the scattering is denoted by Stokes
vectors S0 and S1, the changes can be written as
S1 = MS0, (2.9)
where S0 and S1 are the Stokes vectors before and after scattering, and
M is the scattering matrix. The form of M depends on the geometry and
physics of scattering. This operates on Stokes vectors where the Stokes Q
is measured in the scattering plane (the plane defined by the directions of
incident and scattered beams). The Stokes vector is often expressed in global
reference coordinates, so before scattering the Stokes vectors are rotated to
the scattering plane coordinates, and after scattering the new Stokes vector
is rotated back to the reference plane.
The rotation matrix is:
L =


1 0 0 0
0 cos 2χ sin 2χ 0
0 − sin 2χ cos 2χ 0
0 0 0 1

 . (2.10)
Where χ is the angle between polarization reference directions. Denoting
the inverse of this with Lˆ, the final scattering process can be expressed as
S1 = Lˆ1MLS0. (2.11)
For Thomson scattering in a non-magnetized medium, the scattering matrix
is:
M =
3
4


1 + µ2 1− µ2 0 0
1− µ2 1 + µ2 0 0
0 0 2µ 0
0 0 0 2µ

 , (2.12)
where µ = cos θ and θ is the scattering angle (angle between the incident and
the scattered ray). In a magnetized medium (where the cyclotron frequency
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θ
Figure 2.3: Geometry of electron scattering (in the electron rest frame).
The solid thin line represents the path of the photon. When the photon
encounters an electron (black dot) its direction changes. In the case of
Compton scattering, the electron acquires a velocity (thick arrow).
is of the same order as the frequency of light) the scattering matrix is more
complex (Whitney, 1991a,b), as the direction and strength of the magnetic
field must be included in the scattering matrix, which then produces both
circular and linear polarization.
For Compton scattering, the form of the matrix depends also on the energy
of the electron, and therefore in astrophysical applications integrations over
the electron distribution at the source are needed.
2.1.6 Spectral models of X-ray binaries
The spectra of X-ray binaries are often modeled with a two-component
model modified by interstellar absorption. A thermal component, a black-
body or multicolor blackbody is assigned to the inner parts of the accretion
disk (in black hole systems) or to the surface of the neutron star. The ther-
mal component is dominant in the soft part of the spectrum. At higher
energies, above ∼ 10 keV, the luminosity is usually dominated by a Comp-
tonized component produced in the accretion disk corona.
Several computer codes calculating Comptonized spectra exist (Sunyaev &
Titarchuk, 1980; Titarchuk, 1994; Poutanen & Svensson, 1996; Titarchuk
et al., 1997). Exact computation (Poutanen & Svensson, 1996) requires
plenty of processor time. Other codes include approximations making the
calculations faster, but sometimes the assumptions justifying the approxi-
mations of these codes are no longer satisfied by the best-fit models. When
physical parameters of the source are derived from approximations, sys-
tematic errors may occur, and interpretation is not as easy as with exact
computation. When the time requirements on calculations are stringent,
e.g. several hundred spectra need to be quickly sorted, Comptonized spec-
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tra can be approximated by a powerlaw
(
F (E) = KE−Γ
)
, cut-off powerlaw(
F (E) = KE−Γ exp (−E/Ecut)
)
or broken powerlaw (powerlaw with the ex-
ponent r abruptly changed at Ebreak).
Various narrow features can be seen in many X-ray spectra, these arise
from atomic emission and absorption processes and can therefore give im-
portant information on the physical properties of the emitting gas. The
astrophysically most interesting X-ray line is the fluorescent Iron Kα line
(at 6.4 to 7.0 keV depending on ionization state). In general the abun-
dance of an element decreases with increasing atom mass, and the fluores-
cent yield increases (See Figure 1.2 in Thompson et al. (2001)), so the heavy
but relatively abundant iron produces one of the strongest atomic lines in
X-ray spectra. The temperatures of inner accretion disks are high enough
to fully ionize lighter elements, but usually not high enough to fully ionize
iron. High-resolution spectroscopy of the iron line can measure the gravi-
tational and Doppler redshifts of the innermost disk. Fluorescent K-shell
lines from lighter elements and the iron L-shell lines cluster in the region
of 0.5− 1.5 keV. These may be used as temperature indicators, and also to
measure the elemental abundances of the disk gas.
The Compton reflection (Magdziarz & Zdziarski, 1995) effect contributes
often to X-ray spectra of accretion disks. In Compton reflection X-rays
are reflected from a surface by the Compton effect. Compton reflection is
strongest in the hard X-rays, E ≈ 10 − 200 keV. In addition, a fluorescent
iron line is produced by the surface as the softer X-rays are absorbed by the
K-shell of iron. Compton reflection codes often calculate also the fluorescent
iron line. Typical gas detectors have low effective area above 10 keV and
modest energy resolution. Using a Compton reflection code instead of simple
iron line to model the spectra results in significant computational overhead.
This overhead is justified when hard X-ray data with good signal to noise
ratio is present, as this also gives clues on the geometry of the reflection.
The most commonly used spectral fitting software is XSPEC (Arnaud, 1996),
which contains more than one hundred different spectral models. The ob-
served spectra are usually fitted to a model by χ2-minimization.
χ2 =
N∑
i=1
(M (Ei, P1, . . . PM )− yi)
2
σ2i
(2.13)
where yi are the observed count rates in the energy channel Ei, M is the
modeled count rate and P1 . . . PM are the model parameters. σi is an esti-
mate for the error of the count rate. An estimate often used is the square
root of total counts (including the background) in the channel. This esti-
mate is not valid when there are too few counts per channel (less than 20 is
a common rule of thumb). For lower numbers of counts per channel, either
some channels should be combined to increase the counts per channel, or
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Energy range component
< 2 keV interstellar absorption
0.5− 1.5 keV atomic processes of medium-Z elements
6− 7 keV atomic processes of iron
< 10 keV thermal radiation from inner disk or neutron star
5− 200 keV Comptonization by thermal electrons
10− 200 keV Compton reflection
> 200 keV Comptonization by non-thermal electrons
Table 2.2: The energy ranges where different components of the X-ray spec-
tra are important. To cover all important X-ray processes, sensitivity in a
band covering three orders of magnitude in energies is needed.
some other statistic than χ2 should be applied for estimating the goodness
of the fit. The best fit parameters P of the model are those giving the
minimum of χ2.
As some models have more parameters than others, comparisons of fits with
different numbers of free parameters are required. For this purpose one can
use the reduced χ2 defined by
χ2ν =
χ2
N −M − 1
(2.14)
where N is the number of data points and M is the number of free param-
eters in the model. N − M − 1 is the degrees of freedom (dof) of the fit.
When χ2ν is below one, the accuracy of the fit exceeds the accuracy of the
data, or possibly the errors of the data are overestimated. Reducing the
χ2 of a fit with χ2ν < 1 by introducing new model components or a more
complex model is statistically not sensible. In this case the χ2 is improved
by modeling statistical fluctuations of the spectrum.
2.2 Accretion disk
The primary in a low-mass X-ray binary is a neutron star or a black hole,
and the secondary is typically less than one solar mass. In most systems the
secondary is a slightly evolved main-sequence star or subgiant, types KV
and KIV are most common. The secondary of GRS 1915+105 (Greiner et
al., 2001; Harlaftis & Greiner, 2004) is a giant. The shortest X-ray binary
orbital periods have been found in neutron star systems: ∼ 11minutes in
4U 1820-303, (Stella et al., 1987) and ∼ 18minutes in 4U 1543-624 (Wang &
Chakrabarty, 2004). It is not possible to fit a normal star inside such tight
orbit, so the companion stars in these systems are probably semidegenerate
or white dwarfs.
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In an LMXB, mass is transferred from the secondary to the primary through
Roche lobe overflow. The inflowing gas initially has the orbital angular
momentum of the secondary star and therefore settles in an orbit around
the primary. The gas ring is rotating differentially (the angular velocity in
the gas varies with radius) which causes a viscous shear within the disk. The
exact nature of the viscosity is not yet known. However, the shear converts
orbital kinetic energy to heat and redistributes the angular momentum so
that most of the gas falls inwards. The in-fall releases gravitational potential
energy. Approximately half of the energy released is retained as kinetic
energy of the atoms, and the rest is radiated from the disk (Frank et al.,
1992). The angular momentum is carried outwards, and is eventually fed
back to the orbital motion of the stars by tidal forces.
The kinetic energy of the gas is released when the matter falls onto the
compact star. In the case of an accreting neutron star, the energy released
is of the order ∆E = GM∆M/R where ∆M is the accreted mass, M is the
neutron star mass (approximately 1.4 solar masses) and R is the neutron
star radius (of the order 10 km). Using these values ∆E ≈ 0.2∆Mc2, so ap-
proximately 20 % of the rest mass can be converted to radiation. Compared
to nuclear reactions (e.g. the fusion of hydrogen releases about 0.7 % of the
rest mass) accretion is very efficient.
2.2.1 The classical disk model
Accretion disk structure is defined by a set of differential equations essen-
tially describing the flow of mass, energy and angular momentum within
the disk. With a few simplifying assumptions the structure equations can
be solved analytically. One such analytical solution, originally derived by
Shakura & Sunyaev (1973), is the classical or Shakura-Sunyaev disk model.
The assumptions leading to the Shakura-Sunyaev-solution are:
• Steady state (all time derivatives set to zero)
• Vertical hydrostatic equilibrium
• The disk is thin (r  H)
• Orbits of gas particles are nearly Keplerian
• The efficiency of angular momentum transport is described by the
α-parameter. (Essentially α is stress divided by thermal energy)
Here r is the radius (in circular cylindrical coordinates) and H is the disk
scaleheight, and physics related to the viscosity is hidden in the α-parameter.
The Shakura-Sunyaev-solution for disk variables (surface density, tempera-
ture, optical depth, scaleheight etc.) is of the form KrAαB
(
1− r−1/2
)C
. . .
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Some of the assumptions, like vertical hydrostatic equilibrium and near-
Keplerian orbits are relatively hard to constrain from observations. The
Shakura-Sunyaev solution also divides the disk into regions depending on
equation of state (pressure is dominated either by radiation pressure or
ideal gas pressure) and main opacity source (electron scattering or Kramer’s
opacity). In transition regions, where the dominant source of pressure or
opacity changes, solutions are more complex and require numerical methods.
The assumptions of near-keplerian orbits and thinness are critical as the
whole solution collapses without them.
2.2.2 Vertical structure
The Shakura-Sunyaev model assumes vertical hydrostatic equilibrium. For
disk region dominated by gas pressure, this means predicts Gaussian verti-
cal density structure near the disk plane and exponential structure further
away. The classical model assumes the scaleheight is small. However, obser-
vations have shown that the vertical structure of accretion disks is complex.
Deviations from axial symmetry and very extended vertical structure have
been observed.
A class of LMXBs known as dippers have strong orbital modulation in their
X-ray lightcurves. The soft part of the spectrum associated with the inner
accretion disk vanishes during the dip. The hard X-rays from the corona
are not affected as much. In some dippers there are no total eclipses, so the
vertical extent of the outer disk is larger than that of the companion star.
The Comptonized spectra observed from several sources show that there can
be a very hot accretion disk corona (ADC) above the disk plane. In some
systems the ADC has been directly observed, but there is no consensus on
the shape and size of the corona. The bulk of the disk radiates UV and soft
X-rays. The corona does not produce many photons, but upscatters the soft
disk radiation to hard X-ray energies.
The accretion disk can be unstable to radiative warping. A small dent on
the disk is effectively irradiated by the central X-ray source. Net force on
the dent is caused by the direction difference of entering and leaving radia-
tions, and the disk is twisted more, increasing the force The irradiated patch
becomes more exposed to the central source, and the dent may increase even
more, effectively distorting the disk (Pringle, 1996). Large-scale deviations
from axial symmetry would be seen as photometric and polarimetric varia-
tions.
In some systems, the disk also ejects some of the matter. The matter may
be ejected steadily as low-velocity winds, or relativistic jets, or as irregular
relativistic events. The X-ray binaries showing relativistic jets or ejection
events are called microquasars. (Quasars are active galactic nuclei showing
2.2. ACCRETION DISK 23
similar jets, which are about a million times larger than in X-ray bina-
ries.) Jets and ejections are often accompanied by strong radio emission
and variations in the X-ray spectrum, so the accretion disk is partially re-
sponsible for these phenomena. The exact mechanism producing the jets is
not yet known. Comptonization within a relativistic flow produces a spec-
trum slightly different from Comptonization in a stationary corona (Malzac
et al., 2001).
In stellar wind atoms or ions absorb and scatter the incident radiation, and
gain momentum in the process. This is generally seen in high-mass stars but
it is likely that the mechanism operates also in LMXB accretion disks. The
accretion disk may also be evaporated by X-rays from the central source and
fast particles of the hot corona hitting the disc surface. Thus it is unclear
whether the vertical hydrostatic equilibrium is present in normal accretion
disks.
2.2.3 Time variability
The steady-state description does not describe fully the accretion disk. Vari-
ability in the X-ray flux by a factor of 104 has been observed in several galac-
tic X-ray sources, and almost all are variable to some extent. Variations in
the X-ray flux are complemented by changes in spectral shape. Changes
in the spectra show that not only does the accretion rate change, but also
physical changes in the disk-corona geometry take place.
X-ray binaries show several states characterized by observed spectral or tim-
ing properties. There are three to five known spectral states associated with
transient systems, and persistent neutron star systems have three known
variability states. There are also some persistent X-ray binaries with black
hole primaries (e.g. LMC X-1, LMC X-3 and Cyg X-1). These show spectral
states somewhat similar to transient systems discussed below.
Transient systems
Three distinct X-ray states are observed in all transient systems: Transients
spend most of the time in the quiescent state, when very little accretion
takes place. Most transient systems are too faint to be detected in quies-
cence. During quiescence, matter is accumulated in the disc.
The low-hard and high-soft states are named after the flux level and
spectral shape (low flux and hard spectrum for the low-hard state, high
flux and soft spectrum for the high-soft state). In the high-soft state the
spectrum is dominated by a soft thermal component from the inner disk
(and neutron star), and the accretion rate is high. In the low-hard state
the accretion rate is lower, and the disk is truncated. The compact object
24 CHAPTER 2. THEORETICAL OVERVIEW
is surrounded by a corona of hot electrons which may cover the innermost
part of the truncated disk. The thermal radiation from the innermost disk
is Comptonized by the corona, and this Comptonized component dominates
the luminosity.
The intermediate and ultra-high states have not been observed from all
sources. The flux and shape of the intermediate state are between the low
and high states. The intermediate state is believed to be a transitional state
between the low-hard and high-soft states. If one considers the states as
a continuous sequence from the quiescent to the high-soft, with luminosity
increasing and spectrum softening, the ultra-high state is a continuation of
this sequence. Ultra-high state spectra have a very strong soft component.
The ultra-high state may have an accretion rate beyond the Eddington limit,
but this state has not been observed from many systems.
Persistent systems
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Figure 2.4: Color-Color Diagrams of two bright X-ray binaries, the atoll
source GX 13+1 and the Z-source GX 340+0, as observed by RXTE/PCA.
Both diagrams cover most of the tracks typical of the source classes, for GX
340+0 the Horizontal Branch of the Z-track is only partially covered. Each
cross represents 16 seconds of observation. The errors of the both colors are
of the order 0.03 but vary with the source brightnesses. Error bars have
been left out of the plots for clarity. The soft color is the ratio of countrates
in the 4 − 6 keV and 2 − 4 keV bands, and the hard color is the ratio of
countrates in the 9− 20 keV and 6− 9 keV bands.
The persistent neutron-star LMXBs are divided into two classes: Atolls
and Z-sources, both of which have three variability states. The Atoll and
Z sources have characteristic Color-Color Diagram (CCD) shapes (Hasinger
& van der Klis, 1989). Different portions of the CCD have different spectral
and timing properties, and are named accordingly.
The sources traverse the CCD when the mass accretion rate onto the com-
pact object varies. Depending on the position in the CCD, the source can
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cover a significant portion of the CCD track in a few minutes, or stay at the
same position for a few days. The mechanisms producing these variations
affect the throughput of the inner accretion disk, but their nature is not yet
known.
The Atoll source states are: Island state (vertical part on the left), Lower
Banana (horizontal part) and Upper Banana (vertical part on the right).
The Z-sources states are: Horizontal Branch (top left to top right of the
Z-track), Normal Branch (top right to bottom left) and Flaring Branch
(bottom left to bottom right).
The shapes and positions of the tracks vary from source to source and also
depend on the choice of bands defining the colors. In addition, some sources
don’t show the entire tracks, and the location of the track may change
over longer periods of time. It should be noted that the three-state division
requires moderate resolution both in time and energy. For sources with lower
S/N (such as extragalactic sources) the division to high-soft and low-hard
states is still appropriate.
2.3 Radiative transfer with the Monte Carlo method
Radiative transfer problems with complex geometries are not easy to solve
analytically, as the radiative transfer equations become exceedingly com-
plex. Inclusion of polarization increases the complexity, as all Stokes pa-
rameters need to be solved simultaneously. If the photons interacting with
the medium are not only absorbed but sometimes also scattered, the re-
sulting changes in direction and polarization increase the complexity of the
analytical approach. Realistic geometries and scattering phase functions
make analytical polarized radiative transfer hard, and results can be more
readily obtained with numerical methods.
One of the simplest numerical methods is the Monte Carlo method (see e.g.
Cashwell & Everett (1959)). The basic Monte Carlo approach to radiative
transfer problems is relatively simple:
1. A photon is generated in a random position with random direction
2. Follow the path of photon until a randomly selected optical depth
τ = − lnR where R is a random number between 0 and 1 from an
uniform deviate) is reached, or the photon exits the medium
3. If the photon is still in the medium, let scattering take place and return
to the previous step
4. When the photon exits the medium, store the needed values (direction,
polarization, etc.)
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5. Repeat the process until enough photons are accumulated
Step 2, the integration of the photon path, is the most time-consuming part
(less than 10 % goes to the other portions) of the code in the case of a gaseous
medium. As each photon is processed individually, a Monte Carlo code can
be easily vectorized, allowing effective use of advanced computing environ-
ments. Another advantage of the Monte Carlo approach is that the method
can be applied to arbitrary scattering phase function and distribution of the
medium.
One important selection is the number of stored values. Assuming we are in-
terested in simulating polarization and comparing to observed values, mea-
surements can give an accuracy of the order 0.1% in the degree of polar-
ization. It is desirable to have a similar or even higher accuracy for the
simulation. Therefore more than 106 photons for each directional bin need
to be simulated. For an axisymmetric disk, maybe 30 inclination bins should
be used. This means that of the order 108 photons are needed for a typical
simulation. Assuming one stores the direction and Stokes vector several hun-
dred megabytes of memory would be consumed, and memory management
overheads would severely restrict the execution speed. Therefore, summing
the Stokes vectors needs to be done during the computation.
Selection of random values is done the following way: Let us assume that
variable the xi is derived from a distribution Fi (x0, x1, . . . xi). The cumula-
tive distribution is
Ii(Xi) =
∫ Xi
−∞
dxi
∫
∞
−∞
Fi (x0, x1, . . . xi) dx0dx1 . . . dxi−1 (2.15)
(Note that the ±∞ at the integration limits is purely formal and should
be replaced with the effective limits, e.g. [0, 2pi] for an angle.) Normalizing
this, setting a random number R = Inorm,i(Xi) and solving for Xi gives a
randomly selected value for xi. After this, Xi can be inserted to Fi so we get
Fi−1 = Fi (x0, x1, . . . xi−1, Xi) and repeat until we have a full set of random
numbers X0 . . . X1.
Chapter 3
Observations
3.1 X-ray detectors
Most X-ray detectors are based on the photoelectric effect, where the in-
coming photon ionizes the detector material. The method of measuring the
absorbed energy varies depending on the absorbing medium. Three common
detector types are gas proportional counters, solid-state semiconducting de-
tectors and crystal scintillators.
In gas proportional counters the incoming photon is absorbed in a noble gas
such as Xenon or Argon. In the initial photoelectric absorption, part of the
photon energy is converted to kinetic energy of the outcoming photoelectron,
and rest goes initially to potential energy within the electron structure of
the atom. The electron structure returns to normal through a series of tran-
sitions releasing secondary photons and electrons. Some other gas such as
carbon dioxide or methane is often added to absorb the secondary photons,
increasing the efficiency of the detection. The released electrons lose their
energy in collisions with gas atoms. These collisions ionize gas atoms, pro-
ducing more free electrons. Effectively the absorption produces a cloud of
electrons. Number of electrons is directly proportional to the initial photon
energy, hence the name proportional counter.
High voltage across the gas chamber collects the electrons to the read-
out electrodes. Near the readout electrodes the high voltage produces an
avalanche effect, where accelerated electrons collide with gas atoms, produc-
ing more electrons which in turn are accelerated. Effectively this multiplies
the signal by a Gain factor, typically of the order 10000. Gas proportional
counters have modest energy resolution (≈ 0.08 at 6 keV) but have excellent
timing capabilities and can handle high countrates, although too high coun-
trates will damage or even destroy the detector. Maximum countrates can
be as high as a hundred thousand counts per second. Gas proportional
counters can be made position-sensitive.
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Solid-state semiconductors can be either pixellated (CCD-like) or bulk de-
tectors. Bulk detectors can be made very large and therefore have good
stopping power. Choice of semiconductor material is important for stopping
power and energy resolution. Common materials are silicon (for pixellated
low-energy detectors) and germanium (bulk high-energy spectrometers), in
addition several compound semiconductor materials (e.g. GaAs, CdZnTe,
TlBr, HgI) have been tried or are developed for use in X-ray astronomy.
The drawback of solid-state detectors are long readout times, especially in
pixellated detectors, so they are not very good for accurate timing analysis
or sources with high countrates. For high countrate sources, two photons
may hit the pixel and be read out as one. This effect is known as pileup.
Distortions to the spectrum caused by pileup can be partially corrected in
the data reduction phase if the data is stored in a proper format. Depending
on band-gap of the material used, semiconductor detectors may need to be
cooled to reduce background from dark current. For example germanium
and lithium-drifted silicon can not be operated at room temperature, but
must be cooled. Cooling produces additional complications.
In crystal scintillators the number of ionizations caused by an X-ray photon
is not measured directly. The optical photons produced by recombination
are counted instead. Optical photons are then counted by a photodiode or
photomultiplier. Scintillators have properties similar to gas counters - they
have low energy resolution and good timing accuracy. Position-sensitivity
can be achieved with a position-sensitive photon detector (photodiode array
or position-sensitive photomultiplier), an array of crystals, or a collimator.
3.2 X-ray observatories
The atmosphere of Earth is opaque to X-rays, so X-ray observatories have to
be flown on satellites. Focusing of soft X-rays (E < 10 keV) can be done with
parabolic and hyperbolic mirrors coated with gold (or a sometimes other
similar heavy element, e.g. iridium). The efficiency of reflection decreases
with increasing deflection angle and photon energy. In the softest X-rays
below 2 keV (The M-shell absorption edge of gold) deflection angles up to
two degrees are feasible. In the most commonly used X-ray band, 2−10 keV,
only reflection angles less than one degree are practical. Above ≈ 15 keV
reflective optics has low efficiency. Often conical approximations are used
instead of the better parabolic and hyperbolic mirrors. Conical mirrors are
easier to manufacture but angular resolution is degraded (from arcseconds
to arcminutes).
Contrary to the practice of most ground-based observatories, calibrations
are provided by the satellite operators. The calibrations include background
blank-sky observations to estimate the background, energy scale calibration
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from on-board radioactive sources, and flux calibration from known bright
stable sources like the Crab nebula. All these are usually applied by the
data reduction software, which is an essential part of the X-ray observatory.
Proper subtraction of the background is a complex procedure, as the ob-
served background depends on the flux and spectrum of energetic particles
hitting the spacecraft. The particle environment depends on Solar activity
and spacecraft position.
As space-borne observatories are very expensive, efficient use of the data is
important. Therefore all data are archived and after a proprietary period
(usually one year) they become public and freely available.
SAX (Satellite per Astronomia X) is a Dutch-Italian satellite equipped
with five instruments. The imaging instruments are LECS (Low Energy
Concentrating Spectrometer) (Parmar et al., 1997) and MECS (Medium
Energy Concentrating Spectrometer) (Boella et al., 1997). MECS consists
of three identical units, each a gas-filled imaging proportional counter. Both
LECS and MECS are in the focal plane of a conical Wolter approximation.
LECS is similar to MECS, but the beryllium window is thinner so higher
sensitivity at lower energies is achieved at the cost of higher background.
LECS is most sensitive in the 0.14−4.0 keV band, as MECS is most effective
in the 1.8 − 10 keV band. LECS also has a bit smaller field of view. In
addition, two non-imaging instruments, the gas counter HPGSPC (High-
Pressure Gas Scintillation Proportional Counter) (Manzo et al., 1997) and
the crystal scintillator PDS (Phoswich Detector System) (Frontera et al.,
1997) extend the energy coverage to the 10 − 200 keV range. In addition
to these, there is also a Wide Field Camera (WFC) which has been used for
monitoring purposes and as an alert system for Gamma-ray bursters.
RXTE (Rossi X-ray Timing Explorer) (Bradt et al., 1993) is a NASA X-
ray satellite carrying two narrow-field instruments and the All-Sky Monitor
ASM (Levine et al., 1996). The ASM is a small gas counter scanning
the sky every 45 minutes. The ASM has proved valuable in the detec-
tion of new X-ray transients and providing alerts on state transitions in
the already-known systems. The narrow-field instrument of RXTE are the
Proportional Counter Array PCA (Jahoda et al., 1996), a system of five
xenon-filled proportional counters, and the High-Energy X-ray Timing Ex-
periment HEXTE which consists of several phoswich detectors. Both the
PCA and HEXTE can handle very high countrates and have excellent tim-
ing capabilities but the spectral resolution is crude and there is no imaging.
The PCA has the largest effective area in the 2−20 keV range and HEXTE
in the 15− 100 keV range.
ASCA (Advanced Satellite for Cosmology and Astrophysics) (Tanaka et al.,
1994) is a Japanese satellite carrying four X-ray telescopes, each with its own
detector. Two gas-chamber detectors operating in the 1.8 − 10 keV band
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form the GIS (Gas Imaging Spectrometer). The other two telescopes are
equipped with silicon array detectors, forming the SIS (Solid-State Imaging
Spectrometer) which has good energy resolution between 0.4 − 7.0 keV.
INTEGRAL (INTErnational Gamma-Ray Astrophysics Laboratory) is an
ESA satellite. The main γ-ray instruments are the imager IBIS (Imager on
Board the INTEGRAL Satellite, Ubertini et al. (2003)) and the germanium
spectrometer SPI (Spectrometer for INTEGRAL). IBIS has two scintillator
arrays on top of each other, the low-energy part 20− 800 keV ISGRI (IN-
TEGRAL Soft Gamma-Ray Imager, Lebrun et al. (2003)) is on the top of
the high-energy detector PICsIT (Pixellated Imaging Cesium Iodide Tele-
scope) 150 keV−10MeV. SPI operates in the 50 keV−10MeV range. There
are also two auxiliary instruments, the Joint European Monitor of X-rays
JEM-X (Lund et al., 2003) that has two identical xenon-filled proportional
counters operating in the 3− 35 keV range and the Optical Monitor Cam-
era OMC. The high-energy detectors of INTEGRAL use coded aperture
imaging (also known as coded masks) which works well up to a few MeV,
whereas conventional reflecting optics is not very effective above ≈ 15 keV.
Another advantage of coded aperture is a very broad field of view, but the
angular resolution is rather modest.
3.3 Optical observatories
The Nordic Optical Telescope (NOT) is a 2.5 meter optical Ritchey-
Chre´tien telescope at Observatorio del Roque de los Muchachos, La Palma,
Canary Islands, at 2382m above sea level.
TURPOL (Turku Polarimeter) is a double-image five-channel (UBVRI)
chopping photopolarimeter (see Piirola (1973), Piirola (1975) and the in-
strument manual at http://www.not.iac.es/). Linear and circular polar-
ization as well as the flux can be measured simultaneously in five passbands
(UBVRI) with effective wavelengths of 360, 440, 530, 690 and 830 nm. The
instrument has also pure linear and circular polarimetry modes. Instrumen-
tal polarization is negligible (less than 0.01%), and sky background polar-
ization is effectively eliminated. TURPOL can achieve a polarization sensi-
tivity of the order 0.01% if the signal is strong enough. For a 12-magnitude
star, e.g. the brightest low-mass X-ray binaries 0.1% can be reached in 15
minutes. The biggest drawbacks of TURPOL are low quantum efficiency
and lack of spatial resolution.
ALFOSC (Andalucia Faint Object Spectrograph and Camera) is the other
NOT instrument with polarimetric capabilities. However, CCD cameras
often have instrumental polarization produced by refracting optics and in
some cases also by the surface layer of the CCD chip. High quantum ef-
ficiency allows shorter integration times than with photopolarimeters. As
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CCDs produce images, polarimetry of field stars can also be done, possibly
improving the estimate of science target’s interstellar polarization. When
field star distances are not known, their polarization vectors can have similar
directions. In this case, any object with polarization vector different from
the field probably has intrinsic polarization. Similarly, anomalies in the
wavelength dependence of polarization may be caused by an intrinsic com-
ponent. If the distances of the field stars can be estimated (from literature
or photometric and spectroscopic observations), the behavior of their polar-
ization with distance and reddening also provides an estimate for interstellar
polarization (see e.g. Koch-Miramond & Naylor (1995)).
3.3.1 Polarimetric observations
Polarimetric observations are done by measuring the brightness of the object
through polarizing optics. A calcite prism is used to split the light into two
beams with orthogonal polarization directions. The brightness difference of
the beams gives the net polarization in this direction. A rotatable retarder
plate can be used to modify the polarization of the radiation before it en-
ters the calcite prism. A half-wave retarder changes the direction of linear
polarization, and stepping through a series of positions one can measure
several polarization components. A quarter-wave retarder converts circular
polarization to linear, allowing circular polarimetry, and rotating the plate
through a series of suitable positions both linear and circular polarization
components can be measured. The measured polarization components are
then combined to get the relevant Stokes parameters. Polarimetry always
produces photometry as a side product, as the Stokes I parameter corre-
sponds to total brightness.
In CCD photometry, an accuracy better than 1% is often considered very
good. This is because the detector response is no longer linear when there
are several tens of thousands of counts per pixel. Flat-field exposures used
to estimate the sensitivity differences between pixels are done in the lin-
ear regime, at a level of 1 − 2 × 104counts pixel−1, resulting in flat-fielding
accuracy of the order 100. If the brightnesses of the two beams are mea-
sured to this accuracy, the error in Stokes parameters is of the same order.
As the typical degree of polarization is often of the order 1% or even less,
the statistical accuracy of CCD polarimetry is not very good. Instrumen-
tal polarization caused by the coating of some CCD chips, distortions of
the point-spread function and focus position by the calcite prisms and re-
tarders, and in some cases spatial variations in the polarization sensitivity of
the instrument are further complications of CCD polarimetry. In contrast,
photomultipliers can reach an accuracy of the order 0.01 % for the degree
of polarization.
Observations of zero-polarization stars are needed to estimate the instru-
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mental polarization produced by e.g. refracting elements in the beam. Zero-
polarization standard stars are usually selected from stars close to Sun so
they have negligible interstellar polarization. Large-polarization standards
provide a known constant polarized signal. The degree of polarization of
at least one large-polarization star is measured to estimate the polarization
sensitivity of the detector. For linear polarimetry, the large-polarization
measurement also gives a reference direction on the sky for the polarization
position angle. For circular polarimetry, the sense of polarization is obtained
(left-handed vs. right-handed.) For a list of polarization standards, see e.g.
Turnshek et al. (1990). Polarimetric standards are often also photometric
standards, which makes extracting the photometric information even easier.
Chapter 4
Results
4.1 Polarization of Accretion Disks
4.1.1 Simulations
The polarization of an accretion disk can be estimated with the Monte
Carlo method. Assuming the magnetic field is insignificant it is a relatively
straightforward procedure to set up a disk model and then solve the polar-
ized radiative transfer. The time requirements of the simulations increase
rapidly when the model complexity increases.
Here it is assumed that opacity is due to electron scattering only, and the
entire disk is fully ionized, so opacity is directly proportional to density.
This simplifies setting up the disk model. Three parameters can be used to
describe density or optical depth distribution of the disk: τ0 is the vertical
optical depth (τz) at the inner disk, γ describes the radial dependence of the
vertical optical depth (τz ∝ R
γ) and H is the scaleheight of the distribution
of τz (we commonly used H/R = constant). The vertical optical depth from
a point (R, z) to the disk surface (R,∞) is defined by:
τz = τ0
(
R
R0
)γ ∫ ∞
z
exp
(
−
z
H
)
dz, (4.1)
where R0 is the inner disk radius. This is roughly correct for the surface
layers of an ionized disk where gas pressure dominates (Shakura & Sunyaev,
1973).
After defining the opacity distribution of the disk, emissivity distribution
has to be added. Stokes parameters derived for different emissivity dis-
tributions can be linearly combined. Two parameters τ1, τ2 were used to
define the photon-generating region. All photons are emitted in a layer con-
strained by the vertical optical depths τ1 and τ2. This has the advantage that
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results obtained from different photon-generating depths, e.g different emis-
sion mechanisms, can be combined. The radial temperature scales T ∝ Rβ
where β should be between −3/4 (for a viscously heated disk) and −1/2 (for
an irradiated disk). A combination of these is accurate for a system with
long period and neutron star primary. Long period means large disk and
thus viscous energy release is small in the outermost disk. Irradiation of the
outer disk by neutron star helps keeping the entire disk ionized.
For bolometric luminosity the emissivity scales roughly as ∝ T 4. This is a
first-order approximation for the wavelengths from very soft X-rays to ex-
treme ultraviolet, and works better in short-period systems where the outer
disk radius is smaller. An emissivity model easier to compare with observa-
tions is a blackbody (or a physical disk atmosphere model) at the interesting
wavelength or convolved with the transmission profile of a photometric fil-
ter. One advantage of the Monte Carlo method is that it is easily extended
to arbitrary disk models, e.g. results of hydrodynamical calculations.
The simulations presented in Paper II use the simple model described above.
One of the main results is that both single- and double-scattering approx-
imations are insufficient and produce too high polarization values. Monte
Carlo simulations predict a linear polarization of the order 1%. The degree
of polarization depends strongly on inclination. The emissivity model also
affects the polarization. Total optical depth of the disk and scaleheight have
only a minor effect as long as the disk stays optically thick and disk-like.
In the optical wavelengths, the polarization has only a weak wavelength de-
pendence but it is markedly different from that of interstellar polarization.
4.1.2 Observations
Polarimetric observations with NOT/TurPol (see section 3.3) were made in
six runs. Her X-1 was observed in linear polarimetry mode during five runs in
1990-1992. The May 2000 run concentrated on Sco X-1 but as the transient
XTE J1118+480 was in outburst, it was also observed. When the altitude
of Sco X-1 was less than 30◦, SS433 was observed. In May 2000, both linear
and circular polarization was measured. Temporal variability analysis of the
Her X-1 data showed that the variability reported by Egonsson & Hakala
(1991) is not present in later data. Both the linear and circular polarization
of Sco X-1 were constant. For XTE J1118+480 there is not enough data for
reliable variability analysis.
The circular polarizations of the observed sources are consistent with zero,
upper limits are of the order 0.08%, 0.1% and 0.3% for Sco X-1, SS433
and XTE J1118+480, respectively. An upper limit of ∼ 0.3% for the linear
polarization of XTE J1118+480 could be derived. For both Her X-1 and
Sco X-1 the linear polarization could be detected. In the case of Her X-1
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the wavelength dependence is not consistent with interstellar polarization.
For Sco X-1 the results suggest a small intrinsic component and interstellar
polarization with a maximum of 0.7%.
Low linear and circular polarization values suggest that the magnetic field
in the accretion disks of these systems is not strong enough to influence
the emission and scattering processes, or that the magnetic field is disor-
dered. Fine-tuning the geometry of the magnetic field to eliminate the net
polarization would be a third, less likely explanation of the low polarization
values.
Koch-Miramond & Naylor (1995) have detected similar polarization values
from Cyg X-2. The simulations presented in this thesis predict a bit higher
values for a typical X-ray binary. This is probably because the emission
model used in the simulations is a crude approximation.
4.2 X-ray Observations
4.2.1 4U 1543-624
4U 1543-624 is a relatively bright persistent X-ray binary discovered with
the Uhuru mission (Giacconi et al., 1972; Forman et al., 1978). The optical
counterpart is a faint (B ≈ 20) blue star (Apparao et al., 1978; McClintock
et al., 1978).
100 ksec archival observations (Listed in table 4.1) of ASCA, BeppoSAX and
RXTE were analyzed. BeppoSAX high-energy instruments (PDS and HPGSPC),
and RXTEs HEXTE had low signal-to-noise ratios and were therefore ex-
cluded from the analysis. Time variability analysis did not detect significant
periodicities or QPOs within the observations. Spectra were extracted from
each observation. Intercalibration of the satellites may be imperfect, but
differences between the spectra can not be explained with inaccurate cali-
bration.
Spectral fits with several one- and two-component continuum models were
made. The best-fit model was a combination of interstellar absorption, the
Comptonization model of Sunyaev & Titarchuk (1980) and a blackbody.
The column density of the interstellar absorption component used in fitting
the RXTE data was fixed to a weighted average of column densities of the
BeppoSAX and ASCA spectral fits
(
3.3× 1021 cm−2
)
. In RXTE spectra
only the lowest energy channels are affected by absorption and reliable limits
on absorption can not be derived.
The best fits to different observations had differences up to a factor of 1.5
in the total flux (2− 10 keV) and the flux of the blackbody, whereas the
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Satellite Date Instrument Exposure
ASCA 17/8/1995 GIS 12
SIS 10
BeppoSAX 21/2/1997 LECS 7
MECS 18
BeppoSAX 1/4/1997 LECS 5
MECS 18
RXTE 5/5/1997 PCA 3
RXTE 6/5/1997 PCA 8
RXTE 7/5/1997 PCA 6
RXTE 12/5/1997 PCA 7
RXTE 14/5/1997 PCA 3
RXTE 22/9/1997 PCA 5
RXTE 13/10/1997 PCA 5
Table 4.1: List of pointed observations of 4U 1543-624 used for detailed
spectral analysis. Exposure times are in kiloseconds.
flux of the Comptonized component varied by a factor of four. The vari-
ations in total flux values and hardness show the spectra become harder
with increasing X-ray flux. The spectral variations were interpreted as two
states, high-hard and low-soft. This is opposite to the high-soft and low-hard
states observed in most LMXBs. The blackbody luminosity anticorrelates
with total luminosity, as in most LMXB blackbody and total luminosities
are correlated. The blackbody component of the luminosity is also quite
strong when compared to other LMXB.
Narrow features were searched in the residuals. The Iron Kα line was de-
tected in the RXTE data, with parameters similar to those found in EX-
OSAT data (Singh et al., 1994). In BeppoSAX and ASCA data the Iron Kα
line could not be detected. An upper limit for the line flux was derived by
forcing the line into the fit. The upper limits for the line fluxes were an or-
der of magnitude lower than that the observed line flux in the RXTE data.
The line-to-continuum ratio of the RXTE fits varied between 3 − 7% as
the highest value derived from Crab calibration observations made at times
near the 4U 1543-624 observations was 1.14%. The strong variations of the
iron line are correlated with the luminosity of the Comptonized component,
suggesting they have a common origin. One possible explanation is that the
Comptonized coronal radiation is Compton-reflected from the disk, and the
line is part of this Compton-reflected radiation. Another possibility is that
the Comptonized emission and iron line are both produced in the corona.
The 0.67 keV feature first reported in ASCA data by Juett et al. (2001) was
also found in the two BeppoSAX spectra. High-resolution Chandra spectra
later confirmed that the 0.67 keV Gaussian feature is an artifact caused by
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the neon absorption edge (Juett & Chakrabarty, 2003).
The RXTE ASM data was unsuccessfully searched for periodicities. A weak
trend was found in the ASM data, but older observations (with the exception
of Mir/Kvant) do not fit this trend and suggest the long-term variability is
random.
The ratio of optical and X-ray fluxes was compared to an empirical correla-
tion of MV , LX and orbital period. It was found that the common distance
estimate of 10 kpc would suggest a system with relatively short period (a
crude best estimate of 80 minutes can be derived). Later the system was
found to be ultracompact, with an orbital period of 18.2 minutes (Wang &
Chakrabarty, 2004).
4.2.2 IGR J19140+0951
Figure 4.1: A sample NOT image from the first reported position of IGR
J19140+0951. NOTCam K-band image with the INTEGRAL error circle
overlaid shows there is no lack of potential counterparts.
IGR J19140+0951 is a variable X-ray source, discovered by INTEGRAL dur-
ing an observation of the nearby bright source GRS 1915+105 (Hannikainen
et al., 2003). It has probably been previously detected by EXOSAT (Lu et
al., 1996) (EXO 1912+097) and BeppoSAX WFC (In’t Zand et al., 2004).
Papers IV and VI are part of an ongoing study of IGR J19140+0951.
INTEGRAL and RXTE data were analyzed for Paper IV. INTEGRAL (IBIS
and JEM-X) spectra recorded on March 6-8th could be fit with a sim-
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ple powerlaw (photon index 2.8 ± 0.1). The 5 − 20 keV flux was 3.8 ×
10−10erg cm−2 s−1.
The RXTE data on March 10th show that the source is heavily absorbed,
with NH ≈ (6± 1) × 10
22 cm−2. The same result was obtained by Swank
& Markwardt (2003). The spectrum is best fit by a powerlaw, with a pho-
ton index of 1.6 ± 0.1. The 5 − 20 keV flux was 8.5 × 10−11erg cm−2 s−1.
Variability on a timescale of the order 100 seconds is evident, suggesting the
source is within our Galaxy.
Differences between the two datasets show that the flux has diminished by
a factor of four and hardened substantially. This suggests a state transition
from a high-soft to a low-hard state, similar to those seen in most LMXB
and some HMXB.
The 13.55 day period (Corbet et al., 2004) found in the ASM lightcurve
(produced after the INTEGRAL detection) is probably the orbital period,
which suggests that IGR J19140+0951 is either a HMXB or the secondary is
evolved. An X-ray lightcurve folded with the period is sinusoidal, suggesting
geometric effects produce the lightcurve. Variations in accretion rate with
orbital motion are less likely.
A more detailed analysis of the INTEGRAL data has been performed in
Paper VI, and another detailed study including some RXTE data is pre-
sented in Rodr´ıguez et al. (2005). The X-ray spectra are dominated by
a Comptonized component. Spectral fits suggest the Comptonizing elec-
tron population is thermal, and the input radiation is quite soft. In some
cases there is also a blackbody component. The spectra are similar to what
is expected in a system with a neutron star primary. It seems that IGR
J19140+0951 spends most of the time in a low-luminosity state, but some-
times the luminosity increases by a large factor.
Radio (Pandey et al., 2004) and infrared (NOT/NOTCam) searches for a
counterpart were not successful. This is not surprising as the accuracy of the
INTEGRAL position is more than one arcminute and positions differing by
a few arcminutes have been reported (Cabanac et al., 2003). In addition the
source is within the Galactic Plane where stellar density is very high and
absorption prevents any studies in the optical. Fig. 4.1 shows an infrared
image with first reported position of IGR J19140+0951.
Observations with Chandra (In’t Zand et al., 2005) show that the X-ray
source is at the position of a bright star (K = 7.06± 0.20, J = 8.55± 0.05)
suggesting the donor is a supergiant. As this star is not seen in the USNO
catalogue, or (B < 15), it is heavily reddened, which is compatible with the
high NH from X-ray observations.
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Target FX NH Γ C χ
2/dof
SAX J1740.8-2950 2.0 5(< 15) 1.1+0.3
−0.2 1.9 16.0/21
SAX J1741.3-2948 1.7 15+13
−8 1.4
+1.8
−1.0 3.0 19.8/20
SAX J1741.6-2952 2.3 14+18
−10 1.1± 0.3 2.1 40.3/22
SAX J1741.6-2940 3.0 30+19
−10 1.4
+0.5
−0.3 5.3 19.7/17
SAX J1742.0-2941 3.1 62+25
−20 1.5± 0.5 7.7 14.6/16
SAX J1742.2-2958 4.8 8(< 16) 0.4+0.2
−0.3 1.4 16.7/23
SAX J1742.3-3003 4.3 16+11
−9 1.1± 0.3 4.0 12.4/16
SAX J1740.5-3013 2.4 24+15
−21 1.5
+0.5
−0.7 5.2 4.99/11
SAX J1742.6-2956 4.3 69+27
−21 1.7
+0.5
−0.4 16.5 22.6/15
SAX J1743.0-2956 4.7 31+17
−15 0.8± 0.3 3.2 18.6/16
Table 4.2: Spectral fits of an absorbed powerlaw. FX is the X-ray flux in
10−12 erg cm−2 s−1, NH is the hydrogen column density in 10
21 cm−2, Γ is
the photon index and C is a normalization constant.
Target FX NH Γ C E χ
2/d.o.f.
SAX J1740.8-2950 1.9 11+11
−10 1.5± 0.3 3.2 6.7
+0.2
−0.1 9.3/18
SAX J1741.3-2948 1.8 20+15
−7 1.7
+0.4
−0.3 4.5 6.6
+0.2
−0.1 11.9/17
SAX J1741.6-2952 2.3 19+28
−13 1.3
+0.4
−0.3 3.1 6.6
+0.1
−0.05 26.7/19
SAX J1741.6-2940 no line
SAX J1742.0-2941 no line
SAX J1742.2-2958 4.8 6(< 18) 0.5(∗) 1.4 6.5+0.4
−0.5 14.3/20
SAX J1742.3-3003 4.0 23+12
−14 1.5± 0.3 7.7 6.1± 0.3 7.8/13
SAX J1740.5-3013 no line
SAX J1742.6-2956 4.3 67+33
−24 1.8
+0.5
−0.6 17.5 6.6
+0.3
−0.2 18.1/17
SAX J1743.0-2956 4.5 54+35
−28 1.8
+0.3
−0.9 14.0 7.0
+0.3
−0.2 9.7/19
Table 4.3: Spectral fits of an absorbed powerlaw and a Gaussian line. FX
is the X-ray flux in 10−12 erg cm−2 s−1, NH is the hydrogen column density
in 1021 cm−2, Γ is the photon index and C is the normalization constant. E
is the line centroid energy in keV. For values marked with an asterisk (*),
errors could not be derived. For spectra marked with ’no line’ adding a line
component to the model did not improve the fit.
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4.2.3 EXS 1737.9-2952
The hard X-ray source EXS 1737.9-2952 was discovered on May 9th, 1989,
by the EXITE balloon experiment (Grindlay et al., 1993). At the time
of discovery, the brightness was about 100 mCrab, and the spectrum could
be interpreted as one that contains a doubly backscattered annihilation line
(near 102 keV). A CGRO observation of the same field lasting 186 days
failed to detect EXS 1737.9-2952, proving it is usually fainter than 10 mCrab
(Smith et al., 1995). The counterpart has also been previously searched for
at other wavelengths, radio, submillimeter, and infrared (Durouchoux et al.,
1998).
A BeppoSAX pointing was made on 1998 April 12-13 to search for the
counterpart of EXS 1737.9-2952 in the soft X-ray band. Ten new sources
were discovered in the field, three of them within the EXITE error circle
of EXS 1737.9-2952. The BeppoSAX data at energies above 10 keV is not
useful as the strong nearby source 1E1740.7-2942 dominates the HPGSPC
and PDS data. These instruments have no imaging capabilities and their
FOV is broader than that of MECS and LECS, so it is impossible to split the
flux into contributions by the 10 new sources, 1E1740.7-2942 and possible
other sources outside the FOV of MECS.
Three of the new sources, SAX J1740.8-2950, SAX J1741.3-2948 and SAX
J1743.0-2956 are variable (at a confidence level > 99.5%) on a timescale of
a few hours. The spectra of the new sources are hard and have high NH
suggesting they are either XRBs near or behind the GC or AGN. The log
N - log S relation of AGN (Ueda et al., 1999) predicts 0.2 sources brighter
than 10−12 erg cm−2 s−1. in the MECS field of view, making the XRB in-
terpretation is more likely.
Seven sources may also have a strong iron line. (See tables 4.2. and 4.3. for
results of the spectral fits.) The spectral properties of the new sources are
similar to the obscured X-ray binaries INTEGRAL discovers regularly, so
they are probably also members of this class. None of the new sources were
detected by LECS, but this is not surprising given the high column densities
derived from MECS spectra.
Chapter 5
Summary of papers
5.1 Paper I
BeppoSAX observations of the EXS 1737.9-2952 region.
I. Discovery of new X-ray sources.
The EXITE balloon experiment detected a new bright (100 mCrab) gamma-
ray source later called EXS 1737.9-2952 (Grindlay et al., 1993) near the
Galactic Center on May 9th, 1989. Later observations of this region by
SIGMA/Granat and COMPTEL could not find any source at this position,
so the source flux was at least one order of magnitude higher at the time
of the EXITE observations. The EXITE spectrum is best explained by
a doubly backscattered annihilation line. A BeppoSAX observation was
dedicated to searching for the counterpart of this event in the X-ray band.
Ten potential counterparts were found from the images of the low-energy
instruments, and an initial spectral and temporal analysis on their properties
was performed. All sources are consistent with heavily obscured Galactic
X-Ray binaries. Three sources were variable on a timescale of a few hours,
which further strengthens the hypothesis of their Galactic origin. The high-
energy instruments of BeppoSAX lack imaging properties and have the
nearby bright source 1E1740.7-2942 at the edge of field of view, thus their
data are not very useful for the search of the counterpart.
5.2 Paper II
Monte Carlo simulations of polarization from accretion disks
The Monte Carlo method is a technique suitable for solving radiative transfer
problems in complex geometries. In Paper II, the method is applied for
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polarized radiative transfer in idealized accretion disks. The optical light of
a normal low-mass X-ray binary is produced in the accretion disk. Electron
scattering is the main source of opacity in these disks, and small linear
polarization will be produced when the light travels through the surface
layer of the disk.
A disk model was set up by optical depth parametrizations. Assuming the
disk is fully ionized and electron scattering dominates the opacity, density
and opacity have a constant ratio. A multicolor blackbody (at the relevant
wavelength) was used as the emissivity distribution.
Polarization values produced by different disk geometries and emissivity
distributions were computed. The results show that the intrinsic linear
polarization of a typical low-mass X-ray binary is of the order 0.3 % in
optical light. The degree of polarization varies smoothly with wavelength,
and can be separated from the linear polarization produced by scattering
from the interstellar dust.
Vertical and radial distribution of emissivity have the strongest effect on
polarization. The radial emissivity distribution has stronger effects in the
extreme ultraviolet region (10− 100 eV) which dominates the bolometric
luminosity of the disk but is unfortunately very strongly absorbed. In the
optical region, which corresponds to the Rayleigh-Jeans tail for most of the
disk, the radial effect is much smaller. The variability of polarization over
wavelength is smooth and slow, but it can be distinguished from interstellar
polarization. The scaleheight of the disk is not very important. Scaleheight
effects the polarization only if it is so large that density distribution describes
an ellipsoidal envelope instead of a disk. The total optical depth of the disk
has no observable effects on polarization. Simulations also showed that
warps and small-scale irregularities decrease the polarization slightly.
5.3 Paper III
X-ray properties of 4U 1543-624
4U 1543-624 is one of the brighter persistent low-mass X-ray binaries. Archival
data of the X-ray satellites BeppoSAX, RXTE and ASCA were analyzed.
This was the first published analysis of the BeppoSAX and RXTE results.
The lightcurve was featureless, and no QPOs were detected. The spectrum
could be well modeled with the standard LMXB model: blackbody, Fe Kα
line and a Comptonized component, all modified by photoelectric absorp-
tion of the interstellar medium. A spectral feature near 0.67 keV previously
detected from ASCA data was also found in the BeppoSAX data. Usu-
ally the spectra of low-mass X-ray binaries soften with increasing flux, but it
was found that 4U 1543-624 has a hard X-ray spectrum when the source has
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higher X-ray flux. In addition, the X-ray to optical flux ratio was compared
to the prediction of the correlation between X-ray and optical luminosities
and orbital period. The results suggest that the system is likely to be a
low-luminosity system with an ultrashort period. Later optical observa-
tions detected an 18-minute period from this system (Wang & Chakrabarty,
2004).
The Fe Kα line in the spectra of 4U 1543-624 showed strange behavior. It
was clearly detected during the RXTE observations, and has previously
been detected in observations by Singh et al. (1994). However, it is absent
in all the ASCA and BeppoSAX observations of 4U 1543-624. The line-to-
continuum ratio varies by more than an order of magnitude and line strength
increases with luminosity.
5.4 Paper IV
IGR J19140+098, A New INTEGRAL Transient
IGR J19140+0951 (earlier name IGR J19140+098) is a new X-ray source
discovered by INTEGRAL. First analysis of the INTEGRAL JEM-X and
ISGRI spectra of this source show that is is a Galactic X-ray binary. A
possible state transition was seen between the RXTE and INTEGRAL ob-
servations.
5.5 Paper V
Polarimetric Survey of Low-mass X-ray binaries
Polarimetric observations done with the Nordic Optical Telescope between
1990 and 2000 are presented. Targets observed include Hercules X-1, Scor-
pius X-1 and XTE J1118+480. Circular polarization of all targets is consis-
tent with zero. The linear polarization of both Hercules X-1 and Scorpius
X-1 is a combination of interstellar and intrinsic polarization. In the case
of Scorpius X-1, the intrinsic polarization is quite low. The polarization
levels of XTE J1118+480 are low, consistent with zero. A higher signal-
to-noise ratio is needed before the polarization observations can yield good
constraints on the accretion disc geometry.
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5.6 Paper VI
Discovery of a new INTEGRAL source: IGR J19140+0951
IGR J19140+0951 is a new X-ray source discovered by INTEGRAL. A more
complete analysis of INTEGRAL JEM-X and ISGRI data is presented. The
data shows that IGR J19140+0951 most likely belongs to the class of heavily
absorbed wind-accreting galactic high-mass X-ray binaries recently discov-
ered by INTEGRAL. It is likely that IGR J19140+0951 has been detected
earlier by EXOSAT (as EXO 1912+097) and also the BeppoSAX Wide Field
Camera. No counterpart has been detected at other wavelengths.
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